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The recent measurement on the muon anomalous magnetic moment shows a 2.6a deviation 
from the standard model value. We show that it puts an interesting bound on the mass of the second 
generation leptoquarks. To account for the data the leptoquark must have both the left- and right- 
handed couplings to the muon. Assuming that the couplings have electromagnetic strength, the mass 
is restricted in the range 0.7 TeV < Mlq < 2.2 TeV at 95% C.L. We also discuss constraints coming 
from other low energy and high energy experiments. If the first-second-generation universality is 
assumed, constraints come from the atomic parity violation and charged-current universality. We 
show that coexistence with other leptoquarks can satisfy these additional constraints and at the 
same time do not afi'ect the a^. 
Many Grand-Unified theories predict the existence of leptoquarks, which are composite objects that carry both the 
lepton and quark numbers. The discovery of such particles certainly affects the planning for future experiments and 
guides the building of the theories. In fact, leptoquarks have been actively searched for in many collider experiments 
[0,^, and will still be in the future. Precision measurements are also very useful in testing leptoquark models and 
restricting the parameter space. The measurement of the anomalous magnetic moment of leptons is one of such 
experiments that can constrain the model. 

The recent measurement on the muon anomalous magnetic moment by the experiment E821 |^ at Brookhaven 
National Laboratory has reduced the error to a substantially smaller level. Combining with previous measurements 
the new world average is 

a;;'^P = 116 592 023(151) x 10"", (1) 

where the standard model (SM) prediction is 

a™ = 116 591597(67) x 10"", (2) 

in which the QED, hadronic, and clectroweak contributions have been included. Thus, the deviation from the SM 
value is 

Aa^ EE a^fP - flSM ^ (42 6 ± 16.5) x IQ-io . (3) 

This 2.6(7 deviation may be a hint to new physics because the deviation is beyond the uncertainties in QED, clec- 
troweak, and hadronic contributions. 

Among various extensions of the SM, namely, supersymmetry j^], additional gauge bosons leptoquarks ||^,p|,|lo| 



extra dimensions, muon substructure |11|, they all contribute to a^. However, not all of them can contribute in the 
right direction as indicated by the data. Thus, the a^'^P measurement can differentiate among various models, and 
perhaps with other existing data can put very strong constraints on the model under consideration. 

In this Letter, we investigate the contributions of various leptoquarks to a^. We limit to the second generation 
leptoquarks only without considering any generation mixing in order to avoid dangerous flavor changing neutral 
currents. Our main result is summarized as follows. To account for the data the solution requires a leptoquark 
that has both the left-handed and right-handed chiral couplings and the mass is required to be about 0.7 - 2.2 TeV for 
an electromagnetic coupling strength. This solution is consistent with direct and indirect experimental search. The 
data disfavors, if not rule out, the leptoquarks that have only a left- or right-handed coupling. Also, coexistence with 
other leptoquarks can easily satisfy additional constraints, e.g., atomic-parity violation (APV) and charged-current 
(CC) universality, without affecting the a^. 

While we are completing this work, a paper |^ appears, which describes similar solutions to including the /i — t 
leptoquarks. Although this (i — t leptoquark could imply a very large contribution to because of the large top 
quark mass, it could, however, give rise to flavor- changing processes such as t — > C7, c/x"'"/j,~. We do not consider this 
option. Besides, we also have some sign differences in the main result. 

The interaction Lagrangians for the F = and F ~ —2 {F \s the fermion number) scalar leptoquarks are 

Cf=o = Xl£lubS^^2 + '^fl^Tefl (1x2^^*2) + \LiLdB.Si/2 + h.c. , (4) 
Cf=-2 = gLqL^iT2iLSo + gRU^ReuSQ + gB.d'^^ejiSQ + g3LqL^T'T2T£L ■ + h.c. (5) 
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where ql^^l denote the left-handed quark and lepton doublets, Ufl,dij,e_R denote the right-handed up-type quark, 

(c) (c) (c) 

down-type quark, and lepton singlet, and denote the charge-conjugated fields. The subscript on lep- 

toquark fields denotes the weak-isospin of the leptoquark, while the superscript (L, R) denotes the handedness of 
the lepton that the leptoquark couples to. The color indices of the quarks and leptoquarks are suppressed. The 
components of the F = leptoquark fields are 

/ ^L,J?(-2/3) \ ^ / ^L(l/3) \ 

^1/2 = I ^L,fl(-5/3) I ' '^1/2 = y _^Li-2/3) j ' (6) 

where the electric charge of the component fields is given in the parentheses, and the corresponding hypercharges 
are Y{S^^^) = Y{S^^^) = -7/3 and Y{S^^^) = -1/3. The F = -2 leptoquarks S^,S^,S^ are isospin singlets with 

hypercharges 2/3,2/3,8/3, respectively, while Si is a triplet with hypercharge 2/3: 

^l(4/3) 

St = I S^^'/'^ I . (7) 

^l(-2/3) 

The SU(2)lX U(l)y symmetry is assumed in the Lagrangians of Eqs. (||) and (0) 



To calculate the contribution to we start with the F = leptoquark S^^^ that has both the left- and right- 
handed couplings. The other leptoquarks with either left- or right-handed couplings are simply special cases of it. 
The Lagrangian can be rewritten as 

Cs,,, = K>^lPr + XrPl)cS[-J^'^'''> + h.c. , (8) 

where Pl,r = (lT7"')/2 and we explicitly write the second generation particles fj, and c-quark. The result can be easily 
obtained by some modifications on a /i ^ 67 calculation, as follows (a^ is defined by £ = (e/4m^)a^/2cra/3^F"'') 

Aa^(5i/2) = --^-^ ((|AlP + \XR\'){QcF5ix) - QsF2{x)) + !^Tle{XL\*j,){QcFe{x) - QsFsix))] , (9) 



where 

F2(x) = —-^—-r(l-6x + 3x'^ + 2x^-6x'^ Inx) , 
6(1 — x)^ 

F^ix) = —^-^ (1-^2 + 2x Inx) , 

(1 — X)3 

^5(2;) = -—^—-j{2 + 3x~-6x^ + x^ + 6x Inx) , 
0(1 — x)^ 

Mx) = 7T^-T^ (-3 4a; - a;2 - 2 Ina;) . 
(1 — x)'^ 

In the above expression, Nc — 3,Qc — 2/3, Qs — —5/3, and x = m'^/M^^ ^, and we have neglected terms proportional 

to m^/Mj^^^ in the parenthesis. Our expression agrees with that in Ref. [||. 

For the F — —2 leptoquarks only Sq ' has both the left- and right-handed couplings. The Lagrangian can be 
rewritten as 

Cso^iliglPR + g*RPL)c^'^S*^-'/^'> + h.c. . (10) 

The contribution to can be obtained from Eq. (^ with the following substitutions 

nic — > -rric , Qc QcM , \l,r 9l.,r 7 (H) 

where Qcic) — —2/3 and Qs = —1/3 for this leptoquark. 

We note that our expression for F — —2 leptoquark agrees with Ref. but we have a different expression for 
F = leptoquark. Ref. M does not distinguish between these two types of leptoquarks. 
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Next, we use our expressions to fit to Aa^. The range of Aa^ at 95% C.L. (±1.96cr) is 

10.3 X 10"^" < Aa^ < 74.9 x 10"^° . (12) 

A rough estimate for the allowed range of A/lq can be obtained by realizing the dominant term in Eq. (|). In Eq. 

the term with TZe{\L\*ji) dominates over the term with + |A_rP), because of the enhancement factor of 

rric/ra^. This is valid as long as \l « Xr- Also, the function Fq{x) (—3 — 21na;) and F^{x) — > 1 when a; 0. 
Therefore, 

Aa^(5i/2) ^ ^ ne{\L\*n) (26) , (13) 

Sl/2 

where the numerical factor of 26 is estimated by varying Mg^/^ between 0.5 — 1.5 TeV. With the 95% C.L. bound on 
Aa,^ we obtain 

Ms 

2.6 TeV < - < 7.2 TeV . (14) 

Similarly, for the F — —2 leptoquark So we obtain 

2.5 TeV < ^" < 6.7 TeV . (15) 



If Xl — — — e and gL — —gn — e, where e = v^ttqw, 

0.8 TeV < Ms,,^ < 2.2 TeV and 0.7 TeV < Ms, < 2.0 TeV . (16) 

We show in Fig. ^the contributions to Aa^ from the F = and F = —2 leptoquarks S1/2 and So respectively, using 
the exact expression of Eq. (^. We have used Xhigh) — —Xji{gR) = e. The shaded region is the 95% C.L. range 
allowed as in Eq. (|l^). One can see from the graph that the bounds on M^^^^ and Ms, are very close to the estimate 
in Eq. (^. 

What about the other leptoquarks that have only the left- or right-handed coupling? We can use Eq. ^ with only 
Xl or Xu, then Aa^ is given by 

Aflp = -Y^J^\^L\HQcF,ix) - QsF^ix)) . (17) 

LQ 

The factor in the parenthesis is only a fraction of unity. Thus, this Aa^ is suppressed by about lO^'^ relative to the 
contributions from S1/2 or So- Hence, the mass limits are weakened by a factor of vl(P^ « 0.03, which means the 
leptoquarks are to be lighter than 100 GeV in order to explain the a^^P. It is obviously ruled out by the Tevatron 
direct search limit on the second-generation leptoquarks Q (see below). 

We note that these two leptoquarks also give rise to an electric dipole moment (EDM) of muon, provided that 
Tm{XLX*j^) is nonzero. The contribution to EDM is given by 

c A^ in 

d^ = ^J^ Im{XLXl){Q,F^{x) - QsF^ix)) , (18) 

LQ 

where df is defined by £ = {—i/'^)dff(T^ulbfF^'^- Note that the same large numerical factor, scaling as ln(AfLQ/m^), 
is in the parenthesis. 

We also note that the self-energy diagram of the muon with the leptoquark and charm quark inside the loop 
gives a radiative correction to the muon mass. We calculated this diagram and found that it has an UV divergent 
piece and a finite piece. While the divergent piece is absorbed into the renormalization constant, the finite piece is 
given by 5ra^ ~ (A'cA^/167r^)mc ln(AfLQ/m^). Numerically, 5m^ is less than the observed muon mass for A ~ e and 
Mlq ~ 1 — 2 TeV, such that 5m^ can be included into the definition of the pole mass without any fine tuning problem, 
which gives the observed muon mass. 

Summarizing, only the leptoquarks Si 12 and So that couple to both left- and right-handed muon can explain the 
data on Aa^, while the other leptoquarks alone cannot explain the data. In fact, it is advantageous to have the 



3 



coexistence of other leptoquarks because they can satisfy constraints from other experiments and at the same time 
would not give any sizable contribution to a^. 

The most obvious limits on leptoquarks are the direct search limits at the Tevatron pp collision and at the HERA 
e^p collision, based on two NLO calculations [Q. Both CDF and D0 searched for the first and second generation 
leptoquarks. Their limits are independent of the leptoquark couplings because the production is via the strong 
interaction. The lower limits on the first (LQl) and second (LQ2) generation scalar leptoquarks are given by 

A/lqi > 242 GeV for /3 = 1 (CDF and D0 combined) , 
AfLQ2 > 202 (160) GeV for /3 = 1(0.5) (CDF) , 

AfLQ2 > 200(180) GeV for /3 1(0.5) (D0) , (19) 

where /3 = i?(LQ £q). At HERA, the direct searches are limited to the first generation leptoquarks and depend on 
the leptoquark couplings. The best limits with A = e are 

Mlqi > 280 GeV (ZEUS) , (20) 
Mlqi > 275 GeV (HI) . (21) 

The leptoquark solutions in Eq. (|l6| ) are safe with these limits. 

There are also other existing constraints. Especially, if the first-second-generation universality is assumed for the 



leptoquarks, very strong constraints come from low energy and high energy experiments [g^ 16 1. Among the constraints 
the APV and the CC universality are the most relevant to leptoquarks. 
First-second-generation universality 

It is convenient to parameterize the effective interactions of leptoquarks in terms of contact parameters 77^'^ , where 
a and (3 denote the chirality of the lepton and the quark, respectively, when the mass of the leptoquarks are larger 
than the energy scale of the experiment. The contact parameters are defined by 

= E {vi'Lhl^^iLWl^qL + VL^JI-ff^iLWrgR + V^L^l,.eRWrqL + V^J^l^^RM^qR } • (22) 
e,q 



The APV is measured in terms of weak charge Qw- The updated data with an improved atomic calculation 18 
is about I.Oct larger than the SM prediction, namely, AQw = Qw{Cs) — Qy^{Cs) — 0.44±0.44. The contribution to 
AQw from the contact parameters is given by [ p^p^ 

AQw = (-11.4 TeV^) [-^11 + Vrb. - vTr + Vrl] + (-12-8 TeV^) [-tjI'l + Vrr - vI'r + Vrl] ■ (23) 

Another important constraint is the CC universality. It is expressed as rjcc — vIll ~ Vll — (0.051 ± 0.037) TeV~^. 
These AQw and rjcc are the two most important constraints relevant to leptoquarks. With the first-second-generation 
universality 77^^ = 77^^ and rj^^ = 77^^. We are going to analyze the leptoquark solutions that we found above with 
respect to these two constraints. Other high energy experiments such as HERA deep-inelastic scattering, Drelly-Yan 
production, and LEPII hadronic cross sections also constrained leptoquarks, but are relatively easy to satisfy with 
TeV mass leptoquarks p^ . 

For the F = leptoquark Si ^2 with the interaction given in Eq. (^), the contributions to 77 are 



^1/2 «-'l/2 



which are equal to —(0.01 — 0.07) TeV ^ for = — A^ = e and the mass range in Eq. (|l6|). Similarly for the F 
leptoquark Sq with the interaction given in Eq. (Eol), the contributions to rj are 



" 2MI ' ''^^ " 2M| ' ^^^^ 



which are equal to 0.01 — 0.08 TcV^'^ for gL — —QR = e and the mass range in Eq. (p^. 

Both of these leptoquarks do not contribute to AQw as the contributions get canceled. While 81/2 does not 
contribute to rjcc: contributes to rjcc but in the opposite direction. The lower mass range of Sq is then ruled out 
by the jjcc constraint. 
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As mentioned above, coexistence of other leptoquarks could satisiy the constraints on AQ^y and rjcc- The AQw 

/ 2/3) ( 2/3) ~* 

constraint can be satisfied by the coexistence of either S^^2 with interactions —Xn'eRdL + h.c, or 

with interactions —gj,L{uf^ cl Si^^^^^ + V2 (^'^^cl S'^'^^^'^^) + h.c. The mass required to fit to AQ^y is M^r — 1.2 

TeV or M^l =2.0 TeV with electromagnetic coupling strength. For such heavy leptoquarks with only a left-handed 
'-'1 

or right-handed coupling, their contributions to Aa^ are certainly negligible. At the same time contributes to rjcc 

^ 2/3) 

in the right direction, while iS-j^j does not. 

Summarizing, we can have the following three viable combinations of leptoquarks. 

1- and §1 . The former explains Aa^j and the latter satisfies AQiy and in the right direction as rjcc- 
This is the best scenario. 

2- Sii2'^^^^^ and S^^^ The former explains Aa^ and the latter satisfies /S.Qw- They both have no effect on 
rjcc, but it is fine. 

3. 5o and 5f . The for mer explains Aa^ but violates rjcc- The latter can help pulling the leptoquark solution 
within a reasonable deviation in rjcc and still partially explaining AQ^/. 

No first-second-generation universality 

In this case, virtually no constraints exist on the second generation leptoquarks. The constraint of 13+ — s- ji^v 
mentioned in Ref. ||^ only applies to a very low leptoquark mass, which has already been ruled out by direct search 
. There was a low-energy muon deep-inelastic scattering experiment on carbon . An analysis ||2^ showed that 
this jiC experiment results in a constraint 

2AC3„ - ACad = -1.505 ± 4.92 (26) 
2AC2U - AC2d = 1.74 ± 6.31 (27) 

where AC2, = {v'^L-rj^ + ij'i^-rj'^^)/ {2^20 f) and AC3, = (-r/^'^i + A + 4l " A)/(2V2Gi.). The leptoquark 
solutions of Si/2 and So give AC2q = and AG's, ~ — 10 ^. Therefore, the constraint from the jiC scattering is too 
weak to affect the leptoquark solutions. 

We conclude that the 2.6(7 deviation in the recent measurement places useful constraints on leptoquark models. 
To account for the data the leptoquark must have both the left- and right-handed couplings to the muon. Assuming 
that the couplings have electromagnetic strength, the mass is restricted to be about 0.7 TeV < AIlq < 2.2 TeV. If no 
first-second-generation universality is assumed, this mass range is well above the direct search limit at the Tevatron. 
On the hand, if the first-second-generation universality is assumed, constraints also come from other low energy and 
high energy experiments, among which the atomic-parity violation and charged-current universality are the most 
important. We have shown that coexistence with other leptoquarks can satisfy these additional constraints and at 
the same time do not affect the a^. Leptoquarks in such a mass range should be produced at the LHC via the strong 
interaction. 
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by the National Center for Theoretical Science under a grant from the National Science Council of Taiwan R.O.C. 
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